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Abstract : Wc present as a direct consequence for the need of obtaining an optical 
potential free from parameter ambiguities that describes light>heavy ion scattering, a simple and 
practical procedure to determine the optical potential which fits clastic scattering data The 
method is a two step procedure First, parameterization of the phase shifts to analysis the angular 
distribution data; secondly, Glauber’s eikonal approximation is used to derive the optical 
potentials corresponding to the scattering of strongly absorbed nuclear projectiles The procedure 
is'successfully applied to the analysis of expenmcntal data of ^Li on ^^Si reaction in a wide 
energy range from 46 to 318 MeV.
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1. In tro d u c tio n
C onventional op tical m odel analysis does not allow a unique determ ination of the 
param eters o f the optical potentials of strongly absorbed particles. The assumption that 
optical potential for a com posite projectiles is just the sum of the optical potentials of its 
constitute nucleons [ 1 ], unfortunately, this assumption is not satisfactory for the calculation 
o f the optical potentials o f heavier projectiles [2]. Johnson and Soper [3] suggest an 
alternative m ethod for the calculation o f the optical potential of composite projectiles. Such 
projectiles are strongly absorbed by the target nucleus and their scattering is successfully 
described by the nuclear diffraction model [4]. One alternative methods for calculating the 
optical po ten tials is the tw o-step method, (matrix S(l) search followed by S(l) to V^ (r)), 
whereby the scattering matrix is determined by a Phase-shift search and then subjected to 
fixed energy S{1) to V(r) inversion [5]. Cooper et al [6] used an 5-m atnx fitting procedure 
then fo llow ed by S{t) to V (r) inversion. However, two-step phenom enology used to
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establish the potential by inversion 5(/) to V(r) presents serious ambiguities even for exact 
fits with very precise data; difficulties also arise in determ ining S(/) from the observable 
o{9). Previous works [7,8] provide exam ples o f how discontinuous am biguities arise by 
showing that the very different type potentials each giving the same rainbow-like angular 
distribution, but in fundamentally different ways.
Aims of the present work are to (i) Draw attention towards a simple and practical 
m ethod to determ ine the optical potentials in terms o f diffraction m odel, (ii) Explore the 
ability o f the strong absorption model in describing the elastic scattering of projectiles of 
mass intermediate between light and heavy ions and (iii) Using the elastic scattering of ^Li 
on 2**Si data, the nuclear potential is determined and the energy dependence of ^Li on 
optical potentials is discussed.
2. T he m ethod
Elastic scattering  of heavy ions has been successfully  described in the fram ew ork 
of the strong absorption model [4,9]. The basic assum ption of this model is to replace 
the scattering m atrix elem ents rji by a function o f orbital angular m om entum  I and 
regarding the latter as a continuous variable /.e ., according to this model the /-wave 
scattering m atrix is written as the product o f  the Coulom b scattering rj/ = exp (2/5/), 
where 5/ is the Coulom b phase shift, and 77/ the nuclear scattering coefficients. Then 
considering 7}/ as a continuous function o f / which takes vanishingly small values for 
sm all / and m onotonically increases with / until it approaches unity, the contribution 
from small values o f / will be negligible except for very small angles. A ccordingly, one 
uses the asym ptotic expressions for the Legendre polynom ials. W hen the C oulom b 
interaction n = ZyZ'ie^lh v is small, the Coulomb phase-shifts smoothly vary with /. They 
can be approxim ated by the first two terms in a power series o f / -  /q, where /q is the cut 
o ff orbital angular m om entum , replacing the sum m ation over / in the expression for 
the scattering by integration [10] or performing the W atson-Som m erfeld transform ation 
and counting only the contribution from the two poles nearest to the real axis o f the 
function [ 1 1 ].
Ericson [12] suggested a convenient parameterization of the phase shifts in studying 
the scattering function in the complex angular momentum plane, as the following :
exp (2 /5 ,) = 1 +  expl ~ ^ j j (1)
U sing the W atson-Som m erfeld transform ation, one obtains the fo llow ing analytical 
expression for scattering cross section :
<7(0) = A^cosec(0)exp(-2nrA 0) |^cos2(/^ h- 1 /2)0  •+• ;r/4
+ arct
nA + s in h 2 (n 4 6 -) (2)
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where yv = -^(/q + 1/2)^ + {nA)^ exp(2A0,;
0  ^ ^ 2  arctan t—  
<0 +
n = ZyZ^e^lhv^
1/2
w here Bf. is the Coulom b deflection angle, Z| and Z2 being the projectile and target atomic 
num bers, and v is their relative velocity. One finds that cq. (2) reflects the exponential 
decrease o f the cross section as the scattering increases and reproduces the oscillations 
characterizing the diffraction scattering pattern. Nevertheless, we shall not expect that cq. 
(2 ) yields a com plete agreem ent to the experimental data where important effects, namely 
the reflection and refraction of the partial waves at the nuclear surface are not taken into 
account by neglecting the nuclear phase shifts. Simbcl and Abul Magd [131 modified 
eq. (2 ) by taking the real nuclear phase shifts into account as :
a{B) =  Ncosec(B) e x p (-2 ;r4 0 ) j^cos  ^(/o + 1 /2 )0  + n/A
+ arct nA/q + 1/2 + sinh^(;rA 0  ^ -  ^.6) (3)
Eq. (3) differs from eq. (2 ) by the fact that the sinh- term now depends on 0, and term 
vanishes at 0 = 0  ^ kA/X  .
The determ ination o f the parameters from the experimental data is quite a simple 
task. Plotting the experim ental cross section mulliphed by sinf9on a semi-logarithmic scale, 
one finds an approxim ate value for the parametci A from the slope of the curve and for the 
param eter Iq from  the period o f the diffraction oscillations. Using these values, one 
evaluates the quantity 0^  and then calculates the parameter A from the position of the two 
deepest m inim a. Then, one plots the quantity sin 0/sinh^ ( ;rA0^ -A 0 )  on a sem i- 
logarithm ic scale, where is the experimental cross section at the diffraction maxima, and 
determ ines a new value for the param eter A. With the new value of A, one finds a new 
value o f X and so on. Repeating this procedure until a self-consistent set of parameters is 
achieved, the values of the param eters /q, A, A arc obtained. As we have seen, each of the 
above m entioned param eter is responsible for a certain behavior of the angular distribution. 
Therefore the extracted param eters are unique, in contrast to the parameters of the optical 
m odel potential w hich are highly am biguous for the scattering of strongly absorbed 
particles.
C om parison between the values of 0(9) obtained using this expression, with those 
obtained by the exact summation of the partial waves with 5/ given by cq. ( 1), suggests that 
this expression is accurate for angles 0  > 0 .^ One can notice th a t :
(a) The cosine function in cq. (3) is responsible for the oscillation pattern o f differential 
cross section. The average period of oscillation is equal to 0  — ?r/(/o 1/2).
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(b) T he heigh ts o f  the d iffrac tio n  m in im a are p roportiona l to the quan tity  
sinh^(7iA0c. -  X0). T he deepest pair o f  m in im a thus occurs near the angle
(c) A t large value o f  6 , the contribution o f  the oscillating cosine function decreases 
com pared to that o f the hyperbolic function. Therefore eq. (3) can be approxim ated 
by an exponential function and takes the form :
cr(0)sin  0  ^  exp {-2nA6^)  exp [2(A -  nA)6 \, when 9 > nA9^/k
Thus, the slope o f the exponential decay of the differential erbss section data fall o ff at 
large angles and is approximately given by 2(A - n A ) .
We now consider the inversion procedure S{t) -4  V{r) using G lauber’s eikonai 
approximation [14]
/ (0 ) = j Q { 2 k b s \ n 9 ) { c x x f l i x { b ) - \ } b d b , (4)
where b is the impact param eter, j^ ix )  is the Bessel function, and ;('(&) is the thickness 
profile defined by
(5)
where V{r) is the optical potential and v is the incident velocity. Using the semi-classical 
relation I « kb and regarding / as continuous variable. The function identified with
the phase shifts 5/ given by eq. (1); eq. (5) becomes an Abel integral equation [15] and has 
the solution :
W r)  =  A l i i ,  f  Xib)bdb  . 
2 n r d r ] (6)
hv du
7tai J ( yjr^+u^ - R o + i p ]
a1 + exp
y y j
(7)
In order to obtain the optical potentials, eq. (7) has been separated into two parts, the real 
p a r t :
hv
Rc(V ) 7ta
e x p l--------2-------- J )
. f______________^ _________ ^ _________ ,
{  cos(p/«)
(8)
and the im aginary part o f the optical p o ten tia l; 
ftv
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Im(V) = na
oo
J
:o s(p /a )
0 I-i-exp2 + 2 cxp J ------  cos(p «)
du* (9)
The integration in eqs. (8) and (9) can be carried out numerically and the optical potential 
can be obtained.
3. Application to ^Li on ^^Si
E lastic scattering  o f  the stable isotopes o f Li has been a subject of study for several 
decades, the study o f ^Li elastic scattering and the phenomenological description of 
differential cross section data are of value because of it being the lightest projectile in the 
transition region between that characteristic o f light>ions and heavy-ions elastic scattering. 
Therefore, we find motivations to choose ^Li as an application for the present method in the 
region o f heavy-light ion elastic scattering in order to determine the optical potentials.
W e have made two sets o f calculations for the elastic scattering of ^Li on ^^Si over a 
w ide energy range in order to determine the optical potential. We have used cq. (3) and 
unique param eters : the cut off angular momentum Iq which is related to the nuclear radius 
/?; the param eter A which is related to the surface diffusness a; and the parameter A which 
characterizes the reflection and refraction at the nuclear surface, has been obtained by 
rtcans o f  the following semiclassical relations [16].
/n = kR. A ^ k a .
k p ^
A(/q + 1/ 2 )
^ n 2 +  (/o +  l/2 f
k R ^ n  + + (/o + l /2 )^ (10)
The obtained param eters arc listed in Table 1, and the differential cross sections for 
energies 46.0, 99.0, 135.1, 154.0, 210.0 and 3 1 8 .0  MeV are calculated and the agreement
Table 1. The parameters obtained from eqs (3) and (10) which used to fit the angular 
distribution for elastic scattering of on ^Si.
£:(McV) a A h It P a
46.0 1.70 \ M 18.20 i.cne 0.567 0.566
99.0 2.35 1.95 26.50 6.511 0.442 0.533
135.1 2.70 2.50 31.00 6.399 0.485
0.525
154,0 3.50 3.55 34.00 6.523 0.646
0.637
210.0 3.20 3.60 39.00 6.334 0.56)
0.499
31S.0 5.50 6.50 48.00 6.155
0.823 0M7
686 N M Eldebawi
with experim ental data are shown in Figure 1. The experim ental data are taken from 
References [17-22].
«c
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Figure 1. The diffcreniial cross section for elastic scattering of ^Li on in the energy range 
from 46-318 MeV. The dots are the experimental data. The solid lines represent the result of the 
calculation using eq. (3>
Using calculated parameters, the integration in eqs. (8) and (9) can be carried out 
numerically, the real and imaginary parts of the nuclear potential are obtained, the results 
are illustrated in Figures (2, 3) which is compared with those of the W oods-Saxon potential.
4. D iscussion and  conclusion
Com paring the m ethod used here with other methods, we find that in m ost o f them, 
the problem of ambiguous parameters in the determination of the 5 -matrix by fitting the
e x p e r im e n ta l  a n g u la r  d is tr ib u tio n , is s till a su b jec t o f  sev e ra l d eb a te s . H ere  “E ric so n  
p a ra m e tr ix a tio n ” in v o lv e s  th re e  p a ra m e te rs , each  one  rcH ccts a sp e c ific  a sp e c t o f  the 
e x p e rim e n ta l d is tr ib u tio n . T h e re fo re , w e say  t h a t : the param ete rs  o b ta in ed  are u n ique  and 
the m e th o d  o f  o b ta in in g  th em  is s im p le  and  easy  task.
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Figure 2. The real part of optical potential for clastic scattering of on ^^Si, in the energy 
range from 46-318 MeV The solid lines represent the result obtained by the method used in this 
paper. The dashed fines rcprc.scnt Saxon potentials
W c  see  lh a l  th e  re s u lt o f  o u r ca lc u la tio n  for real and im ag in ary  p a ri o f  n u c le a r 
p o ten tia l, u s in g  G la u b e r  ap p ro x im a tio n  is in good ag reem en t w ith  W ood-S axon  ca lcu la tio n  
[see F ig u re  (2 )  fo r  th e  rea l p a rt, and  F ig u re  (3) fo r the im ag inary  part o f  the p o ten tia l] . 
B ran d an  etal  (23 ] d iscu ss  the fa ilu re  o f  the G lau b er approx im ation  for ligh t-heavy  ions, bu t 
th e  re s u lts  o f  th is  w o rk  an d  a lso  the  p rev io u s c a lc u la tio n s  for -f and  
73A(5V-io
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systems |24] which cover a wide energy range (139.5-2400 MeV), and in which the 
Glauber approximation is also used, show agreement with other authors and show 
disagreement with Brandan effect.
Figure 3. Comparison of the imaginary parts of the potential for the reaction in the energy range 
from 46-tlK  MeV The solid lines represent the result of the method used in this paper, the 
dashed lines represent Woods*Saxon Potentials
We can notice from Table 1 that XjA increases with increasing the energy (expect 
lor the low energy 46 MeV) where X/A is proportional to the ratio of the real to the 
imaginary parts of the corresponding optical potential which in agreement with Brandan 
and MeVoy [25]. We find that the energy dependence of A is defined by linear relation : 
J  =  0 .0 1 3 3  £  + 1,023 [Figure (4a)], also the parameter X is energy dependent and is 
defined by X = 0 .0 1 7 5  E + 0 .5 2 6  as illustrated in Figure (4b), and the relation between the
param eters A  which is related to the surface diffusness a  and the parameter A, can be 
expressed by the relation : 4  = 0.748 A + 0.669 [see Figure (4c)]. As seen from Table 1 . 
increases with increasing energy.
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Figure 4. The energy dependence the parameters 
obtained (a) Delta vs energy, (b) Lambda vs energy 
and (c) The relation between delta and lambda, as 
illustrated.
LAMDA
In summary, the present formalism, although starts with a parameterized 5-matrix as 
already done by the M cEwan et al [26] and Cooper [6], it presents a method for 
determ ining  unique param eters. The analytical eq, (3) is deduced, assuming strong 
absorption, allow ing one to identify each parameter with specific feature of the angular 
distribution data. The inversion S(l) to VCr) procedure is further carried out analytically, 
yielding a sim ple expression o f the optical potential in terms of these uniquely defined 
parameters.
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